). In Exp. 2, treatments (seeding rate and planting date) were arranged as a randomized complete block in a split-split-plot design with four replicates in which the main plot treatment was planting date (September, February, or May) , the subplot treatment was switchgrass ecotype (upland 'Cave-in-rock' or lowland 'EG1101'), and the sub-subplot was seeding rate (2.24, 4.48, 6.72, 8.96, ). In Exp. 1, row spacing did not affect seedling density, but switchgrass at the widest row spacing (88.9 cm) produced the least dry matter (DM) yield during the establishment year. However, row spacing had no effect on DM yield after the establishment year. In Exp. 2, increasing seeding rate increased seedling density but had no effect on DM yield. In addition, seedling density was greatest for both ecotypes planted in September; however, February-and May-planted EG1101 produced the greatest DM yield. While upland switchgrass may be successfully planted in autumn in the southern Great plains, lowland switchgrass should be planted only in the spring because of seedlings' susceptibility to freezing.
this, establishment must be successful (Schmer et al., 2006; Perrin et al., 2008) and appropriate seeding rate, row spacing, planting date, and weed control are important management factors to enhance establishment.
Switchgrass seed is relatively expensive and there is a need to minimize seed costs to optimize returns from switchgrass as a commercial crop. Current seeding rate recommendations range from 2.2 to 11.2 kg pure live seed (PLS) ha -1 (Parrish et al., 2008 ). Refining seeding rates above which no additional biomass increases are achieved is important for the economic feasibility of switchgrass production. In Tennessee, 'Alamo' planted at seeding rates ranging from 2.8 to 14.0 kg PLS ha -1 produced similar dry matter (DM) yield when harvested after a "hard" freeze (Mooney et al., 2009) .
Appropriate row spacing that allows plants to optimize resource capture with decreased seeding rates and minimal competition may lead to efficient resource use and increased yields. Results from row spacing experiments in Texas led Muir et al. (2001) to indicate that row spacing may be important for increasing biomass yield during establishment years in the southern adaptation zone of switchgrass. Increasing row spacing from 20 to 80 cm increased yields in Alabama when no N fertilizer or 224 kg N ha -1 yr -1 was applied ). In addition, appropriate row spacing allows for efficient field management strategies for greater forage or bioenergy biomass production. Because soil moisture and temperature, precipitation pattern, and weed competition affect establishment, appropriate planting date is an important management consideration for successful establishment of switchgrass (Smart and Moser, 1997; Parrish et al., 2008) . Planting switchgrass from late April to mid May in Missouri is recommended to reduce weed competition and risks associated with high temperature and soil moisture stress during summer months Nelson, 1986a, 1986b) . It is reported that planting switchgrass in mid April to early May at seeding rates of 3.36 kg PLS ha -1 and using atrazine (2-chloro-4-ethylamino-6-isopropylamino-s-triazine) for weed control is ideal for increased forage biomass production in eastern Nebraska (Vassey et al., 1985) . However, planting earlier in the spring, in March instead of late April or early May, has been suggested for 'Blackwell' and 'Trailblazer' switchgrass in Nebraska (Smart and Moser, 1997) .
These studies determined the best management practices for switchgrass seeding rate, row spacing, and planting date in the midwestern United States. However, there is limited information on the effect of row spacing, seeding rate, and/or planting date on switchgrass biomass production in the southern Great Plains. The objective of these studies were to evaluate the effects of (i) row spacing and seeding rate and (ii) planting date and row spacing on seedling emergence and biomass production of switchgrass harvested postfrost in southern Oklahoma. After the establishment year, best management practices for broadleaf and grassy weed control at all locations were accomplished through applications of 2.2 kg a.i. ha -1 glyphosate [N-(phosphonomethyl)glycine] (Credit, Nufarm) in February when switchgrass was dormant. Preemergent application of 1.7 kg a.i. ha 2,4-D amine (2,4-dichlorophenoxyacetic acid) (Weedar 64, Nufarm) was applied postemergence for additional weed control.
MATERIALS AND METHODS
Response variables evaluated during the establishment years included seedling density 30 d after planting (DAP) and postfrost biomass DM yield. Seedling density was determined by counting the number of seedlings in a 0.25-m 2 quadrat from two randomly selected portions of the center row(s), and means were calculated for each row spacing. Biomass DM yield was determined postfrost (December) by harvesting a 1.8 by 5.1-m swath to a 13-cm stubble with a forage harvester (Hege) equipped with scales for measuring whole-plot wet weight. A representative subsample of the harvested biomass was obtained was conducted by ecotype. The model used to evaluate DM yield of each ecotype during production years included planting date, seeding rate, and their interaction as fixed factors and replication as random effects. Production years were considered repeated measure for DM yield. The PDIFF function of the LSMEANS procedure (SAS Institute, 2002) was used to compare means, and significance was determined at P ≤ 0.05.
RESULTS AND DISCUSSION Experiment 1 -Seeding Rate and Row Spacing
Rainfall was below average during establishment in April and May of 2007 and May of 2008 at the Gene Autry (Fig. 1) and Burneyville (Fig. 2) locations. Across these 2 yr, average monthly precipitation was 50 and 80 mm in April and 160 and 50 in May at Burneyville and Gene Autry, respectively.
Increasing seeding rate from 1.12 to 4.48 kg ha -1 linearly increased (P < 0.01) seedling density by more than 80% at both locations (Table 1) . Increase in seedling density with increasing seed rate is in agreement with previous reports for each plot and dried at 60°C for 72 h. Moisture content was determined and used to calculate DM yield.
Statistical analyses were performed using the MIXED procedure of SAS (SAS Institute, 2002) . The model to evaluate seedling density and DM yield during establishment years included location, seeding rate, row spacing, and their interactions as fixed effects and year and replication as random effects. The location × row spacing and location × seeding rate interactions were significant; therefore, production year data were analyzed by location. The model for DM yield at each location (production years 2, 3, and 4) included seeding rate, row spacing, and their interaction as fixed effects, replication as random effect, and production year as repeated measure. The PDIFF function of the LSMEANS procedure was used to compare means, and significance was determined at P ≤ 0.05. Additionally, linear and quadratic regression coefficients were calculated for significant seeding rate and row spacing effects. ). In 2006, two switchgrass ecotypes, upland (Cave-in-Rock) and lowland (EG1101), were drilled into conventionally tilled plots to a depth of approximately 6 mm. Seeds were drilled at a row spacing of 36 cm in a 3 by 6-m plot. Treatments were arranged as a randomized complete block in a split-split-plot design with four replicates. The main plot treatment was planting date (September, February, or May), the subplot treatment was switchgrass ecotype (upland or lowland), and the sub-subplot was seeding rate (2.24, 4.48, 6.72, 8.96, or 11 .20 kg PLS ha quadrat from two randomly selected portions of the center row, and herbage was harvested postfrost in December. In subsequent years (2007) (2008) (2009) (2010) , DM yields were determined annually with postfrost harvests in December. Sampling method was identical to that in Exp. 1.
Statistical analyses were performed using the MIXED procedure of SAS (SAS Institute, 2002) . The model to evaluate seedling density and DM yield during establishment year included ecotype, seeding rate, planting date, and their interactions as fixed effects while establishment year and replication were random effects. There was an ecotype × planting date interaction for establishment; therefore, analysis of DM yield for production years Vassey et al., 1985) . Row spacing had no effect on seedling density at both locations. Seedling density across row spacing averaged 58 and 19 seedlings m -2 at Gene Autry (loam soil) and Burneyville (sandy soil), respectively. The loam soil had greater number of seedlings compared to the sandy soil, which may have been attributed to greater water holding capacity and less seedling senescence of the loam soil. During the establishment year, switchgrass spaced at 88.9 cm in Burneyville produced the least amount of biomass. In Burneyville, DM yield in the establishment year decreased linearly (P = 0.02) as row spacing increased whereas seeding rate had no effect on DM yield during the first year at either location. Seeding rate did not affect establishment year DM yield of switchgrass in three locations in west Tennessee (Mooney et al., 2009 ). The DM yields (2.1 Mg ha -1 at Gene Autry and 1.4 Mg ha -1 at Burneyville) harvested from plots planted at the lowest seeding rate (1.12 kg PLS ha -1 ) were similar to those obtained with greater seeding rates. At Burneyville, despite lack of differences in DM yield with seeding rate during establishment year, DM yield increased linearly (P = 0.01) with increasing seeding rate (Table 1) .
During production years, seeding rate and row spacing had no effect on biomass produced at either location. Biomass DM yields during establishment year averaged 2.4 and 1.7 Mg ha -1 at Gene Autry and Burneyville, respectively. Biomass DM yields in production years averaged 17.8 Mg ha -1 at Gene Autry and 11.9 Mg ha -1 at Burneyville, which was comparable to those reported by Guretzky et al. (2011) . Because precipitation amounts at both locations were similar during the production years, lower seedling density and biomass DM yield at Burneyville compared to Gene Autry may be attributed to its sandy, coarse textured soils. Precipitation in 2008 for May through September was 35% less than the long-term average ( Fig. 1 and 2 ).
With elevated summer temperatures, the silt loam soil at Gene Autry may have retained soil moisture and allowed better switchgrass emergence and growth than the sandy loam at Burneyville. Other studies have reported DM yield declined as row spacing increased during the first two production years, but no difference was observed during the third year (Muir et al., 2001) . The same study reported that wide-spaced (54 cm) switchgrass had fewer but larger tillers compared with narrow-spaced rows (18 cm), and this could have explained lack of differences in DM yields in later years. The lack of difference in DM yields between narrow-and wide-spaced switchgrass in subsequent years may be a combination of both increased tillering and increased plant mass in wide-spaced switchgrass. Previous research has shown that increasing row spacing in switchgrass can increase tiller number and leaf area per plant (Sanderson and Reed, 2000) as well as tiller and plant mass (Sanderson and Reed, 2000; Muir et al., 2001) . Previous studies also indicate that seeding rates as low at 3.4 kg PLS ha -1 were sufficient for switchgrass establishment when atrazine was used for weed control (Vassey et al., 1985) , and the current study corroborates this finding. In Tennessee, switchgrass yields were comparable for seeding rates ranging from 2.8 to 14.0 kg PLS ha -1 after the establishment year (Mooney et al., 2009) . Compensatory effects of tillering may have led to increased DM yields at the lowest seeding rate despite an initial low seedling density (Vassey et al., 1985) . optimal (moisture and precipitation) growth conditions. The corresponding monthly precipitation averaged 50 and 130 mm, respectively. Seedling density was greatest for both ecotypes of switchgrass when planted in September with seedling density across cultivars averaging 264 seedlings m -2 (Table 2) . Seedling density was greater than that reported for 'Pathfinder' switchgrass (147 seedlings m -2 ) planted in September in Nebraska when seeded at 330 PLS m -2 (O' Brien et al., 2008) . Seedling density of Cave-in-Rock and EG1101 planted in May was 38 and 20%, respectively, of the seedling density of September-planted switchgrass. Seedling density in Cave-in-Rock for May planting was comparable to that reported for the same cultivar in Iowa at seeding rates ranging from 3.4 to 16.0 kg PLS ha -1 (Vassey et al., 1985) . Decreased seedling density observed for May plantings could be attributed to competition from warm-season grassy weed species, which were not effectively controlled by herbicide applications. At the time of first killing frost (late November), the May-planted switchgrass was at the four-to fiveleaf stage for both ecotypes. Acceptable (>56%) winter survivability of an upland ecotype of switchgrass (Pathfinder) at the four-to six-leaf stage was reported (O'Brien et al., 2008) , but the May-planted lowland switchgrass (EG1101) seedlings in this study were killed during the winter as indicated by no surviving seedlings the following spring (data not shown). However, upland switchgrass (Cave-in-Rock) seedling survival was >70% (data not shown). Low tolerance of lowland switchgrass seedlings to winter temperatures has been reported elsewhere (Casler et al., 2004) . Young lowland (EG1101) seedlings may not have had sufficient growth by the time of winter freeze to accumulate adequate nonstructural carbohydrates and vegetative storage proteins in the roots, reported as necessary for winter tolerance in plants (Wilson, 1984; Vogel, 1987; Tamura and Moriyama, 2001) . The lack of seedling emergence for both ecotypes 30 DAP when planted in February indicated soil temperatures were not adequate for germination (Hsu et al., 1985) . The DM harvested in the establishment year indicated that seedlings emerged more than 30 DAP when temperatures increased in late winter and early spring.
Seedling densities were greater (P < 0.05) when planted at the greatest seeding rate (11.2 kg ha -1 ) compared to the lowest seeding rate (2.24 kg ha -1 ) in both ecotypes, and seedling density increased linearly (P < 0.01) as seeding rate increased. Establishment year DM yields of Cavein-Rock was lowest when planted in February whereas EG1101 was lowest when planted in September with no difference between February and May seedings. For the lowland ecotype (EG1101), September planting led to winterkill and reduced the establishment year's DM yield to approximately 90% of that obtained with alternative planting dates. During the establishment year, seeding rate had no effect on DM yield, which averaged 0.4 and 1.2 Mg ha -1 for Cave-in-Rock and EG1101, respectively. Similar lack of response to seeding rate was reported in Tennessee (Mooney et al., 2009) , in which yields after the establishment year showed no response to seeding rate and averaged 4.7 and 17.2 Mg ha -1 for Cave-in-Rock and EG1101, respectively. Biomass DM yields for EG1101 were similar to those reported for Alamo switchgrass near Ardmore, OK (Guretzky et al., 2011; Kering et al., 2012) , in Tennessee planted at seeding rates ranging from 2.8 to 14.0 kg PLS ha -1 (Mooney et al., 2009) , and that of switchgrass spaced between 18 and 54 cm at Beeville, TX (Muir et al., 2001) .
CONCLUSIONS
Successful establishment is important so that the field does not have to be prepared and seeded again. Reseeding can increase cost 36%, which is not recovered by increased yield (Perrin et al., 2008) . Switchgrass that is successfully established the first year can provide a yield sufficient for harvest in the establishment year, which lowers the cost of production due to the increased yield (Perrin et al., 2008) . Switchgrass planted at row spacings of 17.8 to 88.9 cm had similar DM yield, and therefore, row spacing may not be a major consideration to successful establishment of switchgrass as a biomass energy crop in the southern Great Plains. Planting switchgrass at different row spacings while achieving similar DM yields allows for greater flexibility for farmers with different types of drills and flexible use of different mechanical tools for grass weed control when no herbicide options are available. It is important for weeds to be controlled in the establishment year (Schmer et al., 2006; Perrin et al., 2008 ) and the row spacing should be selected based on available equipment. Across these locations seeding rates of 2.24 to 4.48 kg PLS ha -1 were optimal for switchgrass emergence and DM yields. The lower the seeding rate for successful stand establishment, the more economical is the production of switchgrass for biomass energy purposes (Perrin et al., 2008) . Planting in autumn (September) or late spring (May) resulted in seedling density indicating successful establishment of the upland ecotype Cave-in-Rock, and the autumn planting of switchgrass decreased weed control needs during establishment. In addition, planting in the fall gives switchgrass an earlier start in spring as soil temperatures increase and may decrease soil erosion in fields over the winter. Results indicate that poor establishment, as indicated by low DM yields during the establishment year, will affect subsequent yield levels. Therefore, while upland ecotypes may be successfully planted in autumn in the lower latitudes of the southern Great Plains, lowland ecotypes, such as EG1101, should only be planted in late winter or spring.
